10 = 4OOflA, the loop inductance of the SQUrD L = 1.2 pH, the damping resistance Rd = 5.7 n, the capacitance of the junction C J = 1.12 pF, and the connecting resistance Rc = 0.18 n. The junction capacitance and the loop inductance 3786
s = 2500 V-I for each contact because the voltage is divided among the four contacts. This is dose to the theoretical value of q/kb T = 2760 V-I at 4.2 K.
Finally, it should be pointed out that the contact resistance was quite high ( z 20 kD); this is believed to be due to a surface oxide present on the GaAs.
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Direct observation of the current oscmation in a de SQUiD K. Nakajima, A. Fujimaki, and Y. Sawada Research Institute of Electrical Communication. Tohoku University. Sendai, Japan (Received 3 January 1986; accepted for pUblication 1 August 1986) The current waveforms of the self-resetting oscillation in a dc superconducting quantum interference device (SQUID) are observed by means of a Josephson sampling system, The frequency of the oscillation is around 60 GHz. The time period of the self-resetting oscillation is experimentally measured as a function of the bias current to the SQUID. Theoretical. and numerical analyses are presented for the self-resetting oscillation in the dc SQUID.
The Josephson sampler was first used to measure the influence of the internal superconducting quantum interference device (SQUID) dynamics on switching between voltage states by Faris and Pedersen. I Wolf et al. measured the switching transitions of the two-junction interferometer over its whole vortex boundary, including vortex-to-vortex transitions by using a Josephson sampler with 2.1 ps resolution.
2 But no one has yet observed the oscillatory waveform of a two-junction interferometer, or a single junction which may be interesting in terms of the dynamic influence, on many device applications.
3 as well as the chaotic behavior of the Josephson junction itself. 4 However, these oscillation frequencies of a single junction or the SQUID itself are too high to be measured even by using a Josephson sampler.
In this communication, we present the first real time observations of the oscillatory behavior in externally shunted dc SQUID's. The oscillation frequency is lowered enough by a shunt resistance to be measured by use of a Josephson sampler. We also compare the experimental observations with the results of a theoretical analysis and a numerical computer simulation.
A dc SQUID and a Josephson sampling circuit were fabricated on a Nb ground plane using Pb-alloy planar-junction technology for evaporation, liftoff, and rf plasma oxidation. The minimum linewidth was 5 flm. Figure 1 (a) is a photograph of the sample. It consists of a de SQUID under investigation and a sampling circuit whose equival.ent circuit is shown in Fig. 1 (b) . The SQUID is a symmetric two-junction interferometer connected. through resistor Rc to a single-junction comparator. The connecting resistor Rc is also the load resistance for the SQUID. The SQUID is externally shunted by Rc when the comparator junction is in the zerovoltage state. Figure 1 (c) shows the current voltage (I-V) characteristics of the SQUID. With increasing bias current I b , the SQUID switches from the zero-voltage state to a voltage state on the resistive branch, and finaIl.y switches to the gap voltage when the critical current ofthe comparator junction is exceeded. The basic operation of a sampling system is basically the same as the one reported previously. I Three currents are applied to the comparator junction shown in Fig. 1 (b): ( 1) the signal which is to be sampled, (2) a sampling pulse produced with an adjustable delay with respect to the signal, and (3) a dc current. The comparator is part of a feedback loop which adjusts the dc current so that the maximum height of the sum of the three currents is exactly at the threshold of the comparator. Since the threshold level and the amplitude ofthe sampling pulse are constant, the dc current will follow the signal current at the time of the sampl:ing pulse. The repetition rate of the feedback loop is 10 kHz in our system. Both the SQUID under investigation a.nd the SQUID as the sampling pulse generator are triggued fl:om a zero-voltage state to a vohag(~ ~:td.e by control. currmt pu.bf-~s with approximately 500 ps rising and falling edges. l'ht bias current for the SQUID under investigl,tkm Wlit> mai.ntained at a fixed value during I'~a:ch repditive cycle. The sw'(;ep speed of the mechanical van.llbl.e delay (air line) of our system is 1.2 pS/S,5 The maximum del.ay time is about 800 ps. of the SQUID have been estimated from the measurements of an interference pattern and the resonance induced step in the I-V characteristics of another monitor SQUID on the same chip. The resistance has also been estimated from the measurement of a monitor resistor on the same chip. The frequency and the peak-to-peak height of the self-resetting oscillation shown in Fig. 2(a) are 59.5 GHz and 14/-tA, respectively. The frequency of the self-resetting oscillation depends on the value of the bias current to the SQUID. Figure 2 (b) shows the time period of self-resetting osci11ation as a function of the bias current which is denoted by the solid circles. The resu]t shown in Fig. 2(b) has been obtained from the measurement ofthe same SQUID as the one used to measure the I-V characteristies shown in Fig. 1 (c) as well as the oscillation waveform shown in Fig. 2(a) . In order to investigate the dependence of an oscillation time period on a bias current, a connecting resistance, and a control current, we analyze theoretically the usual two-junction interferometer model, under an assumption of symmetric loading. The SQUID with symmetric loading by a heavy damping resistance does not show any chaotic behavior, because the system has only two degrees of freedom. On the other hand, an asymmetrically loaded system as shown in 
0\------+--I--+-----1
1.6
1.4 Fig. 1 (b) has at least three degrees of freedom, and may exhibit a complicated behavior. But an averaged periodic behavior may be explained by a symmetric loading model. We introduce the following new variables:
( 1) where q,l and q,2 are the phase differences across junctions 1 and 2, respectively, X represents the average phase of the junctions, whereas 1/1 represents the internal degree of freedom which distinguishes an interferometer from a point junction. The loop inductance L is fed by a contro] current Ie across its ends. To the center of the inductance is fed a bias current source lb' We obtain the following equations describing the dynamics of ¢ and X for the dc SQUID:
where t is measured in units of
the total shunt conductance of the junction. For heavily dampedjunctions/3c < 1, the first terms in Eqs. (2) and (3) can be neglected. If we further assume the inductance to be small (/3 < 1 ), the conductance G J to be linear, the bias current to be constant, and the control current re to be large enough 6 compared to 11/3, then Eqs. (2) and (3) can be integrated to yield ¢=f3r;,
where r is the time period of the self-resetting oscillation. The time period r is proportional to the normalized conductance r, and it is a monotonically decreasing function of the bias current. When Ie = <l>0I2L. Eq. (6) is the simple Ohm's law shown in Fig. 2(b) . The model explains that the slope obtained by the sampling measurement (Ie #0) of the oscillation is greater than the slope from the 1-V characteristics (Ie = 0) for a given value of h. but it does not explain the fact that the former slope is greater than R e-I. The calculated time period is close to the observed time period. The model is, however, not accurate for LIe = <P0I2, when the amplitude 1m of the oscillation is zero, because the relation 1m = 10 cos ¢ is obtained from Eq. (3).
We have done the fonowing numerical simulation in order to investigate the 1-V characteristics of a more realistic system. Figure 2 tics for the control current Ie = <l>0I2L is greater than that obtained from Eq. (6), and that the 1-V characteristics of the SQUID are locally nonlinear and full of complex structure which is probably related to the chaotic dynamics of the SQUID. This is expected for a system asymmetrically loaded by a connecting resistance R e , because there are at least three degrees offreedom even though Rc is very small. The experimental result for the period of oscilJ.ation agrees with the numerical result for Re = 0.22 n. except for the fine complex nonlinear structure. The small steplike structures are sensitive to the slight variation of the circuit parameters in a simulation. One should notice that the resistive branch shown in Fig. 1 (c) is also observed to be locally nonlinear, and that it has small steplike structures. The observed waveform shown in Fig. 2(a) is something noisy and not sinusoidal which may be related to a chaotic behavior.
In conclusion, we have observed directly for the first time the waveforms of the self-resetting oscillation in the dc SQUID by using the Josephson sampling system. The frequency of the oscillation is around 60 GHz, and increases with increasing bias current to the SQUID. The experimental result for the period of oscillation agrees quantitatively with the numerical result for the J-V characteristics of a SQUID, except for the fine complex nonlinear structure. The period ofthe self-resetting oscillation as a function of a total conductance, a bias current, and a control. current of a shunted dc SQUID is analyzed theoretically in a heavy damping and small self-inductance limit. The experimentally observed period is close to the analytical estimation. The overall behavior of the self-resetting oscillation is in qualitative and quantitative agreement with numerical and theoretical analyses.
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bIn the present system. Pc = 0.26, P = 1.46, y, = TriP. therefore, the assumptions are barely justified except the condition for p.
